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Abstract
Lignin syringyl/guaiacyl (S/G) ratio is a key trait in the cellulose pulping industry. 
Near-infrared (NIR) spectroscopy data collected with a bench and a portable instru-
ment were used to develop prediction models for S/G ratio from sawdust samples of 
1220 trees of two contrasting Eucalyptus species, namely E. benthamii (n = 484), 
which is a temperate, cold-resistant species, and E. pellita (n = 736), which is a heat- 
and disease-resistant tropical species. For each species, samples were selected based 
on maximal NIR spectral variation and analyzed for S/G using a streamlined thioac-
idolysis method with minimal sample input. NIR models were developed for each 
species separately and jointly. Instead of just using the coefficient of determination 
(R2) and the ratio of performance to deviation (RPD), the Spearman’s rank correla-
tion (rs) and the average of the coefficient of correlation between the references and 
predicted values  (CVRP) were taken into account to evaluate the models. The bench 
spectrometer had a better performance than the portable instrument (R2 from 0.77 to 
0.86 versus 0.31 to 0.47). Species-specific NIR models were better for E. benthamii 
(rs = 0.89,  CVRP = 2.75%, R2 = 0.86 and RPD = 1.8), while the joint-species model 
was better for E. pellita (rs = 0.97,  CVRP = 3.98%, R2 = 0.82 and RPD = 2.1). These 
NIR models should prove useful for high-throughput wood phenotyping in advanced 
breeding programs.
Introduction
Lignin syringyl (S) and guaiacyl (G) monolignols are the two most abundant 
lignin monomers in the secondary cell wall of plants, with their appearance hav-
ing been a key event in the evolution of land plants (Weng and Chapple 2010). 
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The S monomer content is higher in angiosperms while the G lignin prevails in 
gymnosperm. The proportion of syringyl to guaiacyl (S/G ratio) affects biomass 
pretreatment efficiency, especially for pulping. The G units are resistant to lignin 
depolymerization while S lignin is more easily removed (del Río et al. 2007). The 
higher the S/G ratio, the less alkali is required for pulp production, reducing the 
cost of pulping (Ramadevi et al. 2016). Understanding the available variation and 
developing robust methods for measuring S/G ratios in particular wood sources 
has multiple applications, both in advanced tree breeding programs that require 
large-scale sample screening efforts and in the industry to allow rapid on-demand 
assessment of the input material in pulping.
Commercial species of Eucalyptus make up the largest proportions of planted 
forests in the tropics due to their high adaptability, rapid growth, and versatile 
wood qualities. Cellulose pulp, energy, and solid wood products are the main 
products derived from these forests (Myburg et al. 2007). The genus Eucalyptus 
includes more than eight hundred species, most native to Australia, out of which 
ten species are the most widely planted (Harwood et al. 1997). Among these, the 
temperate species E. benthamii has received increased attention from the industry 
due to its resistance to frost and colder climates and good wood properties for 
cellulose production (Higa and Pereira 2003). E. pellita, on the other hand, is 
widely planted in hot equatorial climates and displays drought and pest resistance 
(Harwood et al. 1997). Although E. pellita has a heavier wood, which is more lig-
nified and rich in extractives and therefore not particularly ideal for pulp produc-
tion (Pereira et al. 2000), it has been an important alternative for hybrid breeding, 
with introgression of its stress tolerance into species with better wood properties 
for pulping.
Near-infrared spectroscopy (NIR) is a vibrational spectroscopy technique (750 to 
2500  nm) in which the energy radiated in the sample interacts with the bonds in 
the organic molecules and the absorbance measured from each sample results in a 
spectral profile. It is a simple and rapid technology that requires little sample prepa-
ration. NIR has been widely used to develop prediction models for chemical wood 
traits in breeding programs, and to reduce cost and time in the pulp delignification 
process. Reported Eucalyptus S/G ratios from NIR studies have averaged between 
2.0 and 4.0 (Table 1) and low variability (6 to 15%), although a wider variation (16 
to 38%) has been reported for wood samples with different ages (Hodge et al. 2018).
High-throughput, low-cost, wood chemical and physical phenotyping has become 
a critical component of advanced Eucalyptus breeding programs. The development 
of robust NIR spectroscopy models has been the best solution to reduce the cost and 
time to evaluate large populations. However, most studies to date have only tackled 
some of the main planted species, such as E. grandis, E. urophylla, E. camaldu-
lensis, and E. globulus (Baillères et al. 2002; Raymond and Schimleck 2002; Hein 
et al. 2009; Alves et al. 2011; Ramadevi et al. 2016; Hodge et al. 2018). Almost no 
information is currently available for additional species of the genus of high breed-
ing and industrial interest. In this study, models were developed to predict S/G ratio 
using NIR spectroscopy for two increasingly important species of Eucalyptus using 
a streamlined thioacidolysis procedure as the reference method. The performance of 
the models developed was also compared using a bench and a portable instrument.
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Materials and methods
Sample collection and preparation
The 1220 wood samples used in this study were obtained from trees planted in a 
pilot genomic selection-based breeding trial carried out by Embrapa (Brazil-
ian Agricultural Research Corporation). Population samples of E. benthamii (age 
56  months) and E. pellita (age 42  months) were composed of 484 and 736 indi-
vidual trees, respectively. Further details on the two breeding populations, planting 
location and experimental field trials were described by Müller et al. (2017).
Spectra analysis and development of models
NIR spectra were acquired from ground and sifted (32 mesh) sawdust wood sam-
ples using a bench (FOSS NIRSystems 5000; 1100 to 2500 nm, 2 nm intervals) and 
a portable (Viavi MicroNIR™ 1700; 908 to 1676 nm, ~ 6 nm intervals) spectrom-
eter in the same quartz ring cup. Two replicate spectra were acquired for each of 
the 1220 samples with the bench instrument and three replicates with the portable 
instrument. Spectral data were averaged for each sample after treatment and before 
calibration.
For each Eucalyptus population, a set of 30 samples was selected by a sampling 
algorithm based on neighborhood Mahalanobis distance (NH) of samples spec-
tra variation using the software WinISI II (v. 1.5), aiming at maximizing spectral 
variance as a proxy of the predicted S/G range variation. Prior to selection, spectra 
were processed with detrend correction followed by standard normal variate (SNV), 
second derivative (2D with five points and five points polynomial smoothing). A 
total of 60 samples, 30 for each species, were selected for wet laboratory S/G ratio 
measurements.
In order to improve the models, some preprocessing data treatments were applied 
to the spectral data, for a total of 2440 spectra for the bench instrument and 3660 
spectra for the portable instrument. The main data treatments employed comprised 
standard normal variate (SNV), multiplicative scatter correction (MSC), detrend, 
first and second derivatives (1D and 2D with Savitzky-Golay, fourth polynomial 
order, both 1D and 2D with 11 and 25 smoothing points), normalize and extended 
multiplicative scatter corrections (EMSC) (Lupoi et al. 2014; Ramadevi et al., 2016). 
PLS models with treated spectra were built without fixing the number of factors.
Calibrations were performed using a partial least square (PLS) regression using 
The Unscrambler  X® (v. 10.2) package without and with spectral processing. Cali-
brations were carried out for each species separately using spectral data from 20 
samples leaving ten for external validation. A joint-species model was also cali-
brated using data from 40 samples and validated for each species with the same ten 
samples not included in this calibration set. A cross-validation was carried out with 
parameters set as random with 20 segments, although not shown in this study. Cali-
bration and validation models, for both instruments, were calculated using the whole 
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spectrometer range as well as specific spectral ranges suggested as more relevant 
regions for S/G ratio or lignin content measurements (Lupoi et al. 2014; Ramadevi 
et al. 2016).
The parameters used to evaluate the calibrations and external validations were: 
standard deviation (SD), standard error of prediction (SEP), and the coefficient of 
determination of validation (R2) based on Pearson correlation. The ratio of perfor-
mance to deviation (RPD) was calculated as SD/SEP. The average of coefficient of 
variation  (CVRP) measured the dispersion between the reference and the predicted 
values for each external validation. The Spearman’s correlation (rs) and correlation 
(r) were also calculated for the validation set.
S/G ratio analysis
The S/G ratio was measured by thioacidolysis using the method described by Rob-
inson and Mansfield (2009) that uses 10  mg of ground, extract-free oven-dried 
wood flour from each individual sample as substrate and 1 ml of reaction mixture 
[2.5% boron trifluoride etherate and 10% ethanethiol, in recently distilled dioxane 
(v/v)]. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used 
as received. Gas chromatography was conducted on a Hewlett Packard 5890 series 
II instrument, fitted with an autosampler, splitless injector, flame ionizing detector 
(FID) and 30 m RTX5 ms 0.25 mm ID capillary column. One-microliter injections 
were separated using helium as a carrier gas at 1 ml/min. Inlet and detector tem-
peratures were set to 250 °C, while the oven profile consisted of initial temperature 
130 °C, hold 3 min, ramp temperature 3 °C/min for 40 min to give a final tempera-
ture of 250 °C, hold 5 min, cool. The S/G ratio was calculated using the S and G 
areas.
Results and discussion
The S/G ratio for NIR spectra-selected wood samples of two Eucalyptus species was 
measured in an attempt to capture the existing variation for the trait in the popu-
lations used for selective breeding. Although the proportion of samples for which 
the S/G ratio was measured was limited (~ 5%), these samples were selected based 
on maximal NIR spectra diversity. S/G ratio showed a normal distribution. Overall, 
the average S/G ratio of E. benthamii was slightly higher and significantly different 
from that of E. pellita (2.97 versus 2.78—Table 2) in line with most previous stud-
ies on other Eucalyptus species, where values varied from 1.6 to 5.6 (Table 1). E. 
pellita showed a slightly higher variability than E. benthamii (14.7% versus 13.7%—
Table 2), also in the same range as seen in most Eucalyptus studies (4.2 to 15.7%—
Table 1). Higher S/G ratio variability (15.5 to 37.5%) was reported by Hodge et al. 
(2018) possibly due to the wider age range (4 to 25  years) of the wood samples 
analyzed, and by Lupoi et al. (2014) (25%) working with a small sample (n = 4) of 
E. crebra. The current results indicate that the sample selection for wet laboratory 
analysis was adequate, covering the range variation available for this trait.
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The estimates of S/G ratio for E. benthamii are the first to be reported for this 
increasingly important species for breeding and plantation forestry given its cold 
resistance and high-quality wood for pulping (Higa and Pereira 2003). For E. pellita, 
these S/G measurements had a wider range (2.0–3.5—Table 2) than previously esti-
mated (1.7–2.8) (Ramadevi et al. 2016).
Bench models (Table 3, Figs. 1, 2) were better than those built with the portable 
spectrometer (Table 4, Figs. 2, 3). Models with spectral data treatment for the bench 
equipment showed more satisfactory parameters when compared to those without 
data treatment (Table 3), highlighting how treatments can enhance spectral features 
and reduce noise or unwanted sources (Zeaiter et  al. 2005). SEP was practically 
halved for all bench equipment models following data treatment (Table 3), but for 
models built with the portable instrument (Table 4). SEP was essentially the same 
and close or higher than the standard deviation for S/G ratio (Table 2).    
The whole wavelength range was used to build models with both spectrom-
eters. The selection of specific wavelengths, which has been reported to improve 
the S/G ratio prediction for Eucalyptus (Lupoi et al. 2014; Ramadevi et al. 2016), 
did not improve the current models. Comparing the common wavelength range 
(1100–1700 nm) for the two instruments, the portable instrument provided models 
similar to or worse than models using the full wavelength. For the bench spectrom-
eter, models were similar. Treatments reduced the spectra scattering on the portable 
spectrometer and its qualitative models showed only slightly lower accuracy (linear 
discriminant analysis) and R2 (93%; 0.80) than with the bench spectrometer (99%; 
0.94) (Diniz et al. 2019).
For the best bench models, R2 and RPD (0.86 and 2.09—Table 3) were not far 
from those reported by the literature for Eucalyptus species (0.21 to 0.97 and 0.30 
to 5.90—Table 1). Specific models for E. pellita were slightly better when compared 
to those reported by Ramadevi et al. (2016) calibrating only with E. pellita (R2 and 
RPD, 0.77 and 1.65 versus 0.63 and 1.33), and the model improved (0.79 and 2.09) 
calibrating with samples of both species together (Table 3). Ramadevi et al.’s (2016) 
model for E. pellita used seven and eight samples to calibrate and validate, respec-
tively. The current models did not improve after using cross-validation instead of 
external validation and SECV instead of SEP to calculate the RPD, as reported in 
Table 2  Syringyl (S) and guaiacyl (G) data for the wood samples of Eucalyptus benthamii (Eb) and E. 
pellita (Ep), by thioacidolysis method (Robinson and Mansfield 2009)
SD standard deviation, CV coefficient of variation, S/G proportion of S to G
Eb (n = 30) Ep (n = 30) Total (n = 60)
S area G area S/G S area G area S/G S area G area S/G
Minimum 0.83 0.20 2.34 0.75 0.23 1.98 0.75 0.20 1.98
Maximum 10.84 3.52 4.20 15.70 6.23 3.47 15.70 6.23 4.20
Average 5.61 1.95 2.97 9.96 3.69 2.78 7.79 2.82 2.87
SD 2.52 0.92 0.41 3.25 1.31 0.41 3.62 1.42 0.42
CV 44.88 47.12 13.76 32.57 35.44 14.70 46.51 50.45 14.47
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other studies (Table  1). However, this is not recommended (Williams 2014). The 
current R2 and RPD (Table 3) estimates were in line or better than those reported in 
studies using larger samples of Eucalyptus (Table 1). Very good models (R2 = 0.97 
and RPD = 5.9) were obtained for E. globulus with limited variability, but with a dif-
ferent method (pyrolysis) and a bench instrument (Alves et al. 2011).
The use of R2 and RPD to evaluate NIR models has been questioned because 
these parameters depend on the SD (Esbensen et al. 2014; Fearn 2014). However, 
taking into account the average of the coefficient of variation between reference and 
predicted values  (CVRP), there was a low dispersion for the bench spectrometer mod-
els (from 2.75 to 4.40%), almost half that of the portable spectrometer (from 6.45 to 
9.89% - Table 5). For the E. benthamii model built with a bench spectrometer, 90% 
of the  CVRP values for external validation ranged from 0.13 to 3.73%, which are 
consistent with those found for E. grandis (0.30 to 3.22%) among triplicates (Goven-
der et al. 2009) for S/G ratio. Although the average of  CVRP (from 6.45 to 9.89) with 
the portable spectrometer would seem adequate for screening purposes in breeding 
programs and quality control in the pulping industry, the maximum values of the 
models (from 13.31 to 27.22%) are close or twice as large as the variability seen for 
the two Eucalyptus species studied (13.76 and 14.70). Thus, the  CVRP should be 
evaluated in relation to the variability seen in the species (CV%—Table 2), together 
with other parameters, including slope and r values and tendency.
Table 3  PLS models for S/G ratio using the bench spectrometer data
a Eb: model calibrated and validated with E. benthamii
b Ep: model calibrated and validated with E. pellita
c Joint: model calibrated using dataset for both species and validated on each separately
d Nc/Nv: number of trees used in the calibration and in the validation
e R2: coefficient of determination
f SEP: standard error of prediction
g RPD: The ratio of performance to deviation
h 2D: second derivative
i EMSC: extended multiplicative scatter correction
j MSC: multiplicative scatter correction
Parameters aEb bEp cJoint/Eb cJoint/Ep
Nontreated spectra dNc/Nv 20/10 20/10 40/10 40/10
eR2 0.39 0.16 0.38 0.77
fSEP 0.51 0.45 0.29 0.45
N factors 0 1 8 16
gRPD 0.93 0.94 1.27 0.94
Treated spectra Treatment h2D2 + iEMSC 2D + jMSC Detrend 2D2 + MSC
Nc/Nv 20/10 20/10 40/10 40/10
R2 0.86 0.77 0.79 0.82
SEP 0.21 0.26 0.18 0.20
N factors 4 11 13 8
RPD 1.75 1.65 2.09 2.08
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The Spearman’s rank correlation (rs), which is a nonlinear Pearson correlation 
coefficient (r) between the ranked variables, was also calculated. The rs for the bench 
spectrometer was considerably better than the estimate obtained with the portable 
spectrometer (from 0.76 to 0.97 versus − 0.72 to 0.55—Table 5). However, for the 
bench instrument, rs was not always better than r. Models with negative r and rs 
values found with the portable instrument and also the regular positives (from 0.50 
to 0.63) should be excluded (Table 5). This makes r or rs the initial key parameters 
for NIR models. The negative and low slopes (Fig. 3) also support the exclusion of 
these models.
The additional use of these two parameters  (CVRP and rs) suggests that poorly 
classified models based on RPD could, in fact, still be satisfactory. The use of rs to 
compare NIR predictions is rarely recorded (Khaled et al. 2006). Figure 2 summa-
rizes the performance of these four parameters for the models built with the bench 
and portable spectrometers. For wood traits with relatively low variability and high 
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Fig. 1  Scatter plots of predicted and reference data for the validation models of S/G ratio for E. 
benthamii (Eb) and E. pellita (Ep) using the bench spectrometer. The top plots are species-specific mod-
els, and the bottom plots are joint-species models
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heritability like S/G ratio, these two parameters may, therefore, be used for addi-
tional evaluation of NIR models initially deemed poor by a low RPD, but with a 
satisfactory R2 (> 0.80).
A potential limitation of the current study is the relatively small sample size 
(n = 30 for each species) used to obtain the S/G ratio measurements. However, 
these sample sizes were similar to or larger than those used in other studies cited 
Table 4  PLS models for S/G ratio from the portable spectrometer data
a Eb: model calibrated and validated with E. benthamii
b Ep: model calibrated and validated with E. pellita
c Joint: model calibrated using dataset for both species and validated on each species separately
d Nc/Nv: number of trees used in the calibration and in the validation
e R2: coefficient of determination
f SEP: standard error of prediction
g RPD: The ratio of performance to deviation
h 2D: second derivative
i SNV: standard normal variate
j MSC: multiplicative scatter correction
Parameters aEb bEp cJoint/Eb cJoint/Ep
Nontreated spectra dNc/Nv 20/10 20/10 40/10 40/10
eR2 0.48 0.21 0.14 0.23
fSEP 0.34 0.59 0.43 0.51
N factors 0 0 4 0
gRPD 1.08 0.72 0.85 0.83
Treated spectra Treatment h2D Detrend Normalize + 2D iSNV or MSC
Nc/Nv 20/10 20/10 40/10 40/10
R2 0.42 0.47 0.32 0.31
SEP 0.33 0.54 0.41 0.51
N factors 1 0 1 0
RPD 1.12 0.78 0.89 0.84
0
2
4
6
8
10
12
CVRP rs r R² RPD
Bench spectrometer
Eb Ep Joint/Eb Joint/E p
-2
0
2
4
6
8
10
12
CVRP rs r R² RPD
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Fig. 2  Comparison among the four statistical parameters for the best models built for S/G ratio for spe-
cies-specific models and joint-species models using the bench and the portable spectrometers for Eb: E. 
benthamii and Ep: E. pellita 
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Fig. 3  Scatter plots of predicted and reference data for the validation models of S/G ratio for E. 
benthamii (Eb) and E. pellita (Ep) using the portable spectrometer. The top plots are species-specific 
models, and the bottom plots are joint-species models
Table 5  Average of the coefficient of variation between the reference and predicted values  (CVRP), 
Spearman’s rank correlation (rs), and coefficient of correlation (r) in the best NIR prediction models for 
S/G ratio
a Eb: 2D + EMSC treatment for the bench and 2D treatment for the portable spectrometer
b Ep: 2D + EMSC treatment for the bench and detrend treatment for the portable spectrometer
c Joint/Eb: Detrend treatment for the bench and normalize + 2D for the portable spectrometer
d Joint/Ep: 2D + MSC treatment for the bench and SNV/MSC for the portable spectrometer
Model aEb bEp cJoint/Eb dJoint/Ep
Spectrometer Bench Portable Bench Portable Bench Portable Bench Portable
CVRP (%) Minimum 0.13 1.44 0.21 0.71 1.97 1.00 0.69 1.66
Maximum 9.82 13.43 8.34 26.51 9.49 13.31 7.59 27.22
Average 2.75 6.68 4.40 9.76 4.29 6.45 3.98 9.89
rs 0.89 0.50 0.76 − 0.52 0.91 0.55 0.97 − 0.72
r 0.93 0.56 0.88 − 0.55 0.89 0.63 0.90 − 0.67
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in Table 1. To address this potential caveat of the current results, advantage was 
taken of the access to a much larger sample size of S/G ratio data in a previ-
ous Eucalyptus study (Lima 2014). A model was calibrated with 250 diverse 
samples and validated with 100, providing RPD = 2.33, R2 = 0.82, rs =  0.90 and 
 CVRP = 2.08%. Despite the much larger sample size, again we ended up with what 
would be considered a relatively poor RPD (Williams 2014). However, the rs and 
 CVRP parameters indicated that the model was robust. Thus, instead of just taking 
R2 and RPD as unique parameters to evaluate a model, the authors suggested that 
the rs and  CVRP should also be taken into account.
Finally, the method employed to measure the S/G ratio (Robinson and Mans-
field 2009) has the great advantage of using only a small amount (as low as 
10 mg) of sawdust per analysis. Such a small sample input is convenient for rapid 
wood quality screening purposes in a breeding program involving a large number 
of samples that cannot afford to cut down trees to produce sufficient sawdust as 
required for classical methods of wood chemical analysis. Although this S/G ratio 
measurement protocol was originally developed using a poplar hybrid (a temper-
ate wood with lower extractives content than tropical Eucalyptus wood), it proved 
to be successful for the two Eucalyptus species.
Conclusion
NIR data collected with bench and portable instruments were used to build pre-
diction models for S/G ratio, a key trait in the cellulose pulping industry, for two 
contrasting Eucalyptus species. The thioacidolysis method was rapid, efficient 
and adequate for Eucalyptus. The bench spectrometer performance was signifi-
cantly superior. The species-specific model was better for E. benthamii, while the 
joint-species model for E. pellita. Spearman’s rank correlation (rs) and the aver-
age of the  CVRP may be used to attest robust models even with less satisfactory 
R2 and RPD. These models should prove useful for high-throughput wood pheno-
typing in breeding programs.
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